The binding of skeletal muscle C-protein to regulated actin  by Yamamoto, Katsuhiro
Volume 208, number 1 FEBS 4187 November 1986 
The binding of skeletal muscle C-protein to regulated actin 
Katsuhiro Yamamoto 
Department of Dairy Science, Rakuno Gakuen University*, Ebetsu, Hokkaido 069, Japan 
Received 5 August 1986 
The binding of C-protein, a component of thick filament of myofibrils, to regulated actin filaments in the 
presence or absence of Ca2+ was studied. The amount of C-protein bound to regulated actin filaments in 
the presence of CaZ+ was higher than those in the absence of Ca 2+ The addition of C-protein to regulated .
actin caused an increase in turbidity, especially in the presence of CaZ+, and this was found to result from 
side-by-side association of actin filaments into bundles. In the absence of Ca*+, no actin filament bundles 
were formed. 
C-protein Actinfilament Tropomyosin-troponin (Skeletal muscle) 
1. INTRODUCTION 
C-protein is a component of the thick filaments 
of skeletal [I] and cardiac [2] muscle myofibrils. It 
binds to the rod portion of the myosin molecule 
[3,4] and affects the configuration of myosin 
filaments [3,5]. C-protein also binds to F-actin [6] 
and to the I-band of myofibrils [7]. The latter bin- 
ding is Ca*+-dependent, i.e. C-protein binds to the 
I-band in the presence of Ca2+ but not in the 
absence of Ca2+ . The actin-activated myosin AT- 
Pase is altered by C-protein [8], although C- 
protein itself has no ATPase activity [I]. Its effect 
on ATPase depends on ionic strength; it inhibits 
actomyosin ATPase at low ionic strength, but it 
slightly activates ATPase at physiological ionic 
strength [8]. Recent electron-microscopic studies 
on C-protein from rabbit [9], chicken [lo] skeletal 
and cardiac [l l] muscles indicate that the C- 
protein molecules are V, L, C or U-shaped and 
their contour lengths range from 15 to 40 nm. 
Thus, the size of C-protein is enough to span the 
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gap between the thick and thin filaments. From 
these properties of C-protein, a regulatory func- 
tion of C-protein in muscular contraction has been 
suggested [7,8,12]. 
Here, I demonstrate that the binding of C- 
protein to regulated actin is Ca2+-sensitive and that 
C-protein causes side-by-side association of 
regulated actin filaments in the presence of Ca2+. 
These results are consistent with the observations 
of Moos [7] on C-protein binding to myofibrils, 
and suggest a regulatory role of C-protein in actin- 
myosin interactions. 
2. MATERIALS AND METHODS 
Rabbit skeletal muscle was used for protein 
preparations. Actin was extracted with water from 
an acetone powder of the residue after myosin ex- 
traction, and actin was further purified by the 
method of Spudich and Watt [13]. The 
tropomyosin-troponin (TT) complex was prepared 
from ether-dried actomyosin powder by the 
method of Hartshorne and Mueller [14]. Hydrox- 
yapatite column purified C-protein was prepared 
as described [15]. 
Protein concentrations were determined spec- 
trophotometrically using extinction coefficients at 
280 nm of 1.09 mg-’ . ml-’ *cm-’ for C-protein 
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[l], 1.15 for actin [16] and 0.38 for TT complex 
[ 141. The M, values used for actin and C-protein 
are 42000 and 135000, respectively. 
Binding of C-protein to regulated actin was 
calculated from the protein concentration of the 
supernatant after ultracentrifugation. Actin and 
TT complex were mixed at 1: 1 weight ratio in 
50 mM KCI, 10 mM Mops, 1 mM MgC12,0.2 mM 
ATP (pH 7.0), and 1 mM CaClz or 1 mM EGTA. 
C-protein was added at varying ratios and the mix- 
ture was incubated for about 1 h at 4°C and 
175 ~1 samples were then centrifuged in a Beckman 
airfuge at 30 psig (135000 x g) for 10 min at room 
temperature. After centrifugation, 100 ~1 of the 
supernatant was transferred to a microcuvette and 
its absorbance measured at 280 and 320 nm. The 
As20 was subtracted from A280 as a correction for 
turbidity. 
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The precipitates after centrifugation were 
dissolved in SDS-PAGE sample buffer (10 mM 
Tris-Bicine, 1% SDS, 2% 2-mercaptoethanol, pH 
8.3) and electrophoresed in 7.5% acrylamide gel 
on a minislab gel apparatus as in [2]. 
Fig.1. Effect of C-protein on turbidity of regulated 
actin. All samples contained 50 mM KCl, 10 mM Mops, 
1 mM MgCl2, 0.2 mM ATP (pH 7.0), and 1 mM CaCb 
(0) or EGTA (0). The protein concentrations of actin 
and TT-complex were 0.2 mg/ml each, and the C- 
protein concentration was varied. Turbidity was 
measured as the absorbance at 350 nm with 10 mm path- 
length cuvettes. 
For electron microscopy, the protein samples 
were applied to carbon-coated grids, rinsed with 
several drops of 50 mM KCl, and negatively stain- 
ed by 2% uranyl acetate. The specimens were 
observed in a Hitachi H-800 electron microscope at 
an accelerating voltage of 75 kV. 
3. RESULTS 
It was important to determine the regulatory ac- 
tivity of the TT complex used here. The regulatory 
activity of TT complex was tested by measuring 
regulated actin-activated myosin ATPase in a reac- 
tion mixture containing 0.13 mg/ml each of 
myosin, actin and TT, 50 mM KCl, 2 mM MgClz, 
1 mM ATP and 1 mM CaC12 or EGTA at pH 7.0 
and 25°C on a pH stat. Ca2+ sensitivity, 
(Ca’+ - ATPase) - (EGTA - ATPase)/(Ca2+ - 
ATPase) x loo(%), was over 80%, indicating that 
TT complex had enough regulatory activity. 
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Fig.2. Binding of C-protein to regulated actin. 
Conditions were as in fig.1. C-protein was added to 
regulated actin in the presence or absence of Ca”‘, 
incubated for about 1 h at 4°C and then 
ultracentrifuged. Binding was calculated from the 
protein concentration of the supernatant. (0) Ca’+, (0) 
EGTA. 
The effect of C-protein on the turbidity of the absence of Ca’+, the turbidity increased with 
regulated actin is shown in fig. 1. The addition of C-protein concentration; however, the turbidities 
C-protein to regulated actin resulted in an increase in the presence of Ca*+ were always higher than 
in turbidity of the filament suspension. The tur- those in its absence. The changes in turbidity caus- 
bidity of the C-protein itself, which was less than 
0.015 irrespective of whether Ca2+ was present or 
ed by adding C-protein suggested that 
Ca*+-dependent interactions between actin 
absent, was subtracted at each data point. Even in filaments were occurring. 
124 
Volume 208, number 1 FEBS LETTERS November 1986 
Volume 208, number 1 FEBS LETTERS November 1986 
C-protein bound to regulated actin in the 
absence of Ca2+ (fig.2), but the amount of bound 
C-protein in the presence of Ca*+, like the turbidi- 
ty, was higher than in the absence of Ca*+. It is 
known that C-protein tends to aggregate at low 
ionic strength [l]; however, over 90% of the C- 
protein remained soluble under this assay condi- 
tion (50 mM KCl). The remaining actin-TT com- 
plex in the supernatant after ultracentrifugation 
was less than 15% of the total protein. Solubilities 
of both C-protein and regulated actin controls 
were not affected by the presence or absence of 
Ca*+. 
SDS-PAGE patterns of the precipitate after 
ultracentrifugation confirmed that C-protein 
bound to regulated actin filaments (fig.3). Binding 
took place even in the absence of Ca2+, but den- 
sitometric scanning of these gels confirmed that 
the amount of C-protein bound to regulated actin 
was higher in the samples with Ca*+ than in the 
absence of Ca2+. However, the differences were 
small, as was the case with the spectrophotometric 
measurements. 
Fig.4 shows electron micrographs of negatively 
stained regulated actin filaments. When C-protein 
was added to regulated actin in the presence of 
Ca2+, the actin filaments associated side-by-side 
a bed efgh 
Fig.3. SDS-polyacrylamide gel electrophoretogram of 
the precipitates of regulated actin plus C-protein in the 
presence (a-d) or absence (e-h) of Ca’+. (a,e) Regulated 
actin control; (b,f), (c,g) and (d,h) are actin + TT 
complex + C-protein with a weight ratio of 1: 1: 1, 
1 : 1: 3, and 1 : 1 : 5, respectively. CP, C-protein; A, actin. 
The bands below actin were the components of 
tropomyosin-troponin complex. The samples were run 
on a 7.5% acrylamide gel. 
into bundles. At higher C-protein concentration, 
most of the actin filaments associated and large ag- 
gregates were sometimes observed. On the other 
hand, no such thick actin filament bundles were 
formed in the absence of Ca*+, although some thin 
bundles were observed. 
4. DISCUSSION 
The data described here show that binding of C- 
protein to regulated actin is Ca2+-sensitive, but 
even in the absence of Ca*+ a fairly large amount 
of C-protein can bind to regulated actin. In other 
words, the binding of C-protein to regulated actin 
in the presence or absence of Ca2+ is not regulated 
in an all-or-none manner. The binding of C- 
protein to regulated F-actin filaments causes side- 
by-side association of the filaments. The ap- 
pearance of C-protein-bound regulated actin in the 
presence of Ca2+ is quite similar to that of 
unregulated F-actin filaments [6]. 
An interesting point is that although the dif- 
ferences between the amounts of bound C-protein 
in the presence and absence of Ca2+ were not large, 
there were large differences in the morphological 
appearance. It is known that the structure of 
regulated actin filaments is changed by Ca*+ [17]. 
In the presence of Ca2+, the position of 
tropomyosin in the groove of the double-stranded 
actin filament is shifted and the actin filaments are 
‘switched on’, so that the actin can activate the 
ATPase of myosin. A possible explanation for 
side-by-side association of actin filaments is that 
there are at least two actin-binding sites on a C- 
protein molecule. In the presence of Ca’+, the con- 
figuration of the actin filaments makes both of 
these sites on the C-protein molecule available for 
binding to actin. In this case, C-protein can cross- 
link adjacent actin filaments (fig.4). But in the 
absence of Ca2’, one of these sites is no longer able 
to bind to actin, so that no actin filament bundles 
are formed. Since tropomyosin alone does not 
substantially affect the binding of C-protein to 
unregulated F-actin [6], the difference in regulated 
actin filaments between the presence and absence 
of Ca2+ derives from the regulatory system of 
tropomyosin and troponin. An alternative possible 
explanation is that Ca*+ acts directly on a C- 
protein molecule to cause a conformational change 
and allow cross-linking of actin filaments. 
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However, since C-protein itself has no 
Cazf-binding ability [ 11, it is unlikely that a con- 
formational change in the C-protein molecule 
takes place. 
The present results indicate that the binding of 
C-protein to regulated actin filaments depends on 
the state of the actin filament and support a 
regulatory role of C-protein in actin-myosin in- 
teraction. 
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